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MinireviewPeroxisomal Protein Import:
The Paradigm Shifts
oxisomal matrix proteins are imported into the organelle
from their site of synthesis on free cytoplasmic ribo-
somes. This observation led to the classical model of
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peroxisome proliferation in which existing peroxisomesAmherst, Massachusetts 01003
increase in size via the direct import of proteins from
the cytoplasm, and divide by fission or budding (La-
zarow and Fujiki, 1985). As such, the biogenesis of per-
Organelle biogenesis in eukaryotes is dependent on a oxisomes was classified with those of mitochondria and
set of highly specific intracellular trafficking systems chloroplasts, and it appeared that peroxisomal protein
that mediate the targeting of newly synthesized or na- import would represent a variation on the theme ob-
scent polypeptides to their appropriate cellular com- served in these other organelles. In chloroplasts and
partments. Recent developments from the study of pro- mitochondria, signal receptor systems function to direct
tein import into peroxisomes challenge the classical polypeptides to the translocation machinery (translo-
paradigm in which proteins are targeted to the surface of con) at the organelle surface. The polypeptide is subse-
organelles and subsequently threaded through protein- quently threaded vectorially through a gated protein-
conducting channels of defined dimension. A report by conducting channel component of the translocon with
Dammai and Subramani (2001) in the April 20 issue of the aid of molecular chaperones in an unfolded confor-
Cell demonstrates that the major receptor for targeting mation (Figure 1A) (Schatz and Dobberstein, 1996). As
proteins to the peroxisomal matrix, Pex5p, shuttles be- such, a single translocon of defined dimensions can
tween the cytoplasm and matrix during the import cycle. accommodate a vast array of polypeptides of diverse
The study follows earlier work demonstrating that the size and primary sequence while maintaining the critical
membrane translocation apparatus for peroxisomal ma- membrane permeability barrier.
trix proteins can expand to accommodate fully folded The classification of peroxisomal protein import with
and oligomeric substrates. Surprisingly, the proposed that of import into chloroplasts and mitochondria was
mechanism of peroxisomal import in which soluble re- soon challenged when evidence accumulated that per-
ceptors shuttle folded and assembled complexes into oxisomes could import fully folded and oligomeric pro-
the organelle more closely resembles that of nucleocy- teins (Figure 1B). Although at first controversial, the
toplasmic transport than that of protein import into or- ability of the peroxisomal translocation machinery to
ganelles such as the ER, mitochondria, and chloro- accommodate large folded substrates was definitively
plasts. These developments highlight the remarkable established by the demonstration that 9 nm colloidal
flexibility of membrane translocation machines to ac- gold particles coated with a peroxisomal targeting signal
commodate macromolecular transport without compro- (PTS) were imported into peroxisomes when microin-
mising organelle integrity. jected into human fibroblasts (Walton et al., 1995). These
Peroxisome Biogenesis data confirmed that the protein import machinery of
Peroxisomes are small organelles, 0.5–1.5 mm in diame- peroxisomes did not conform to standard models.
ter, that lack DNA and contain a single boundary mem- Peroxisomal Protein Import
brane. Despite this simple architecture, peroxisomes Peroxisomal matrix proteins are synthesized with one
represent a diverse group of organelles, broadly referred of two types of intrinsic peroxisomal targeting signals
to as microbodies, with varied metabolic activities (Van (PTSs), PTS1 or PTS2, that direct import into the organ-
den Bosch et al., 1992). The diversity in function and elle (for recent reviews see Subramani et al., 2000; Ter-
abundance of peroxisomes prevented their early recog- lecky and Fransen, 2000). The majority of matrix proteins
nition as a single organelle, but it is now clear that all are targeted via the PTS1 pathway. PTS1 consists of a
C-terminal tripeptide (-SKL or conserved variants) thatforms of peroxisomes share a common biogenetic
is recognized by a soluble receptor, Pex5p. PTS2 con-origin.
sists of a degenerate nine residue signal located inter-Interest in peroxisome biogenesis increased dramati-
nally or near the N terminus. It directs the import of acally with the observation that defects in peroxisome
small number of proteins via the soluble Pex7p receptor.function are responsible for Zellweger cerebrohepatore-
Pex5p and Pex7p bind their respective PTSs in the cyto-nal syndrome, and at least 15 other human disorders
plasm, and the receptor-cargo complexes dock inde-(Lazarow and Moser, 1989). Stable cell lines from patients
pendently to the peroxisome surface via membrane-with these disorders have been established and studied
associated complexes containing Pex13p, Pex14p, andin detail. This development, in conjunction with the obser-
Pex17p. Pex10p, Pex12p, and Pex2p function down-vation that peroxisome proliferation could be induced un-
stream from the receptor complexes, implicating themder specific growth conditions in several fungal species,
in membrane translocation reactions. The majority ofhas led to detailed genetic analysis of peroxisome biogen-
the remaining 23 known peroxins, including a numberesis and the identification of at least 23 peroxins (proteins
of other peroxisomal membrane proteins (PMPs), haveinvolved in peroxisome biogenesis and protein import).
been implicated in matrix protein import by genetic anal-Early protein targeting studies demonstrated that per-
ysis, but the precise functions of these peroxins remain
largely unknown.
Although there is a general consensus that Pex5p1 Correspondence: dschnell@biochem.umass.edu
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Figure 1. Schematic Representations of Three General Mechanisms Used for Protein Import into Organelles
(A) In chloroplasts, mitochondria, and the ER, unfolded preproteins containing cleavable targeting signals are targeted to the membrane
surface. The preproteins are then threaded through a gated channel to the organelle interior, where the signal sequence is cleaved and the
protein folds.
(B) Peroxisomal matrix proteins, thylakoid proteins targeted via the DpH pathway, and bacterial proteins exported via the Tat pathway fold
to their native structures prior to membrane targeting. They are translocated through flexible translocons that maintain the membrane
permeability barrier.
(C) Proteins are transported to the nucleus in their native structures through a regulated permeable pore, the nuclear pore complex, that
allows free diffusion of macromolecules up to 40 kDa in size.
recognizes and binds to PTS1-type matrix proteins in port. They present convincing evidence that Pex5p uses
the mechanism predicted by the extended shuttle modelthe cytoplasm and docks at the peroxisome surface,
the fate of Pex5p and its exact subcellular location be- during targeting of matrix proteins. Cleverly designed
fusion proteins expressed in HeLa and peroxisome im-yond this point has remained unclear and somewhat
controversial. Reports using different cellular prepara- port-deficient human cell lines allowed the authors to
distinguish between unimported Pex5p fusion proteintions from a variety of organisms have localized the
receptor predominantly to the cytoplasm, exclusively to that remained in the cytoplasm, Pex5p that was im-
ported into and remained in the peroxisome matrix, andthe peroxisomal matrix, or predominantly to the peroxi-
somal surface. These conflicting results have led to two Pex5p that had been imported into the matrix and subse-
quently exported back into the cytosol. The fusion pro-major models describing Pex5p dynamics (Rachubinski
and Subramani, 1995). The simple shuttle model pre- tein consisted of Pex5p linked to an N-terminal PTS2
signal followed in tandem by a FLAG epitope. A prethio-dicts that after delivering its PTS1 cargo to the peroxi-
somal surface, Pex5p releases the cargo for transloca- lase processing site (PPS) that is cleaved by a specific
peroxisomal matrix protease separated the PTS2 signaltion into the matrix and is itself released from the
peroxisome surface back into the cytosol for subse- and FLAG epitope. Cleavage at PPS upon entry into the
peroxisomal matrix resulted in a detectable molecularquent rounds of PTS1 binding and import (Figure 2). As
such, Pex5p would shuttle in a manner similar to the weight shift and the exposure of the N-terminal FLAG
epitope. M1 and M2 monoclonal antibodies capable ofsignal recognition particle that recognizes the signal
sequences of nascent secretory proteins and delivers distinguishing N-terminal from internal FLAG epitopes,
respectively, provided an independent means of assayingthe ribosome-nascent chain complex to the Sec61
translocon of the ER (Rapoport et al., 1996). The ex- PPS processing. The location and import status of the
Pex5p fusion proteins was determined using a combina-tended shuttle model predicts that after docking at the
membrane surface, Pex5p remains bound to its sub- tion of subcellular fractionation, reactivity to the FLAG
epitope-specific antibodies, and the molecular weightstrate and is translocated into the matrix along with its
cargo. Upon arrival in the matrix, Pex5p is triggered to of the fusion proteins.
In transfected cell lines expressing the PTS2-FLAG-release its cargo and the receptor is then transported
back into the cytosol where it is available to undergo Pex5p fusion, the majority of the processed, M1-reactive
fusion protein (FLAG-Pex5p) was cytoplasmic. This find-another import-export cycle (Figure 2). This model has
no precedent among membrane translocation reactions, ing indicated that Pex5p was imported into the matrix
and efficiently exported back to the cytoplasm where itbut is reminiscent of the importin/keryopherin family of
nuclear import receptors that cycle between the cyto- presumably is made available for further rounds of im-
port. A PTS2-FLAG fusion in which Pex5p was replacedplasm and nucleoplasm to deliver macromolecular
cargo to the nucleus (Gorlich and Kutay, 1999). with GFP was processed and localized exclusively in
peroxisomes, providing evidence that cycling was spe-Simple versus Extended Shuttling
Dammai and Subramani (2001) have tested the two mod- cific for Pex5p. Pex5p shuttling was unlikely to be an
artifact of the PTS2-FLAG-Pex5p construct because theels of Pex5p dynamics during peroxisomal protein im-
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Figure 2. Schematic Models for the Dynamics of the Pex5p Protein Import Receptor
Peroxisomal matrix proteins (cargo) are bound by a soluble Pex5p receptor in the cytoplasm. The Pex5p-cargo complex binds to the membrane
via interactions with Pex13p, Pex14p, and Pex17p. In the simple shuttle model (A), the cargo dissociates from Pex5p at the membrane surface
and is translocated into the matrix. Pex5p returns to the cytoplasm to participate in additional cycles of cargo targeting. In the extended
shuttle model (B), Pex5p remains bound to its cargo and the entire complex is translocated into the matrix. Pex5p then dissociates from its
cargo and is exported back to the cytoplasm.
fusion was able to complement a Pex5p-defective mu- and dissociation of cargo from the receptor to provide
directionality of import? Signal cleavage would providetant cell line, indicating that the receptor fusion was
fully functional in vivo. Protease protection assays and a convenient mechanism for dissociation of cargo from
the receptor, but the PTS1 signal is not cleaved uponimmunofluorescence microscopy using differential de-
tergent extractions demonstrated that the majority of import. Therefore, there is likely to be another active
mechanism for receptor dissociation in the matrix. Re-imported FLAG-Pex5p that remained associated with
the peroxisome was indeed localized to the matrix al- ceptor recycling at the surface of the ER and chloro-
plasts is regulated by cycles of GTP binding and hydroly-though some remained associated with the peroxisome
surface. The presence of surface bound FLAG-Pex5p sis at the SRP (Song et al., 2000) and the Toc159-Toc34
receptors (Chen et al., 2000), respectively. A GTP cyclesuggested that the receptor was docked at the Pex13p,
14p, 17p complex, poised to undergo further rounds of also drives the directionality of protein trafficking in and
out of the nucleus via association of the importin/kary-targeting.
Finally, the authors used pulse-chase experiments to opherin receptors with the Ran GTPase (Gorlich and
Kutay, 1999). ATP hydrolysis is required for the importexplore the kinetics of shuttling. They were able to dem-
onstrate by quantitative analysis that both newly synthe- of peroxisomal matrix proteins, providing the potential
for a nucleotide-hydrolysis-driven import cycle. Twosized PTS2-FLAG-Pex5p as well as cytosolic FLAG-
Pex5p contributed to the accumulation of FLAG-Pex5p peroxins, Pex1p and Pex6p, are ATPases, but their di-
rect or indirect association with Pex5p has not beenin the matrix. Therefore, the processed FLAG-Pex5p
was capable of reentering the peroxisome following a established, and their precise roles in import are un-
known. The ability of the Pex5p receptor to shuttle alsocycle of import and export.
It remains to be demonstrated that the shuttling of implies that an active protein export system functions
at the peroxisomal membrane. Does the translocationthe Pex5p receptor is a function of a productive cycle
of cargo delivery from the cytoplasm to the matrix. Nev- apparatus act as a passive pore allowing translocation
in both directions as do the Sec61p complex of theertheless, this study provides convincing evidence to
support the extended shuttling model for protein import ER and the nuclear pore complex (NPC) of the nuclear
envelope? And if so, what is the signal on Pex5p forin peroxisomes, and raises a number of important ques-
tions concerning the molecular mechanism of protein export?
Perhaps the most intriguing mystery of the peroxi-trafficking to this organelle. First, what regulates binding
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via a system resembling modified endocytosis of the
peroxisomal membrane have been proposed (McNew
and Goodman, 1994), but there is little evidence to sup-
port such a transport mechanism. The adaptability of the
peroxisome translocon might account for the numerous
peroxins involved in the import of matrix proteins, a
number far exceeding the number of proteins required
by other translocation systems with the exception of
nucleocytoplasmic transport. Many of the peroxins have
been shown to interact directly or indirectly by two-
hybrid and coimmunoprecipitation assays, consistent
with a complex network of protein-protein interactions
within the translocon.
It should be noted that the peroxisomal membrane is
not alone in possessing a protein translocation system
that accommodates folded proteins. The Tat pathway
operating at bacterial plasma membranes (Berks et al.,
2000) and the homologous DpH pathway operating at
the chloroplast thylakoid membrane (Keegstra and
Cline, 1999) are both involved in the translocation of
proteins that fold and associate with redox cofactors
prior to membrane translocation (Figure 1B). The nature
of these translocons is not understood, but their exis-
tence in conjunction with the evidence from peroxi-
somes indicates that protein unfolding no longer stands
as a prerequisite for membrane translocation. To date,
the analysis of peroxisomal protein import has relied
heavily on genetic analysis. The recent development
of in vitro systems that reproduce peroxisomal protein
import (Terlecky et al., 2001) provides the necessary
tools for a detailed biochemical analysis of the nature
and dynamics of this novel protein translocation system.
